Abstract-This paper presents a new line-based calibration method for automatically computing the transformation relationship between industrial robots and workcell. The calibration method mainly depends on the position-sensitive detector (PSD) servo control of the robots. The developed servo controller allows precisely positioning the laser beam (line) from a single laser pointer attached at the end-effector of robot onto the center of the PSD in a well-designed lateral-effect PSDs fixture. The selected PSD in the fixture has high performance with the resolution of 0.5μm. Once the precision localizations/positioning in the centers of multiple PSDs are achieved, the group of points in the robot base frame and workcell frame can be generated by using the intersection of laser beams (lines) and by using the predefined fixture-workcell information, respectively. A quaternion algorithm and the least square method are then employed to determine the transformation relationship between robot base frame and workcell frame. The experiments have been implemented on an ABB industrial robot IRB1600, the results verify the effectiveness of both the PSD servoing and the line-based calibration method as well as demonstrate the performance of the whole system.
I. INTRODUCTION
he precision and efficient calibration approach of robots has become an important research topic over the last decades especially in the research field of industrial robots [5] [6] [7] [8] [11] . The main reason for this is that the field of application was significantly broadened due to an increasing number of robot assisted tasks to be performed [10] . Those applications require a significantly higher level of precision and accuracy due to more delicate tasks that need to be fulfilled (e.g. assembly in the semiconductor industry or robot assisted medical surgery). Currently, most methods used to perform robot calibration require human interaction for every single robot or have to be performed under lab conditions through a long and cost intensive process. Expensive and complex measurement systems have to be operated by highly trained personnel. In a calibration case, the operator has to align a needle tip with both the robot end-effector and the Coordinate Measuring Machines (CMM) using the eyes. This is obviously time/human power consuming, inefficient, and inaccurate. Moreover, Tracking Laser Interferometer System (TLIS) has been extensively employing for robot calibrations, however this system is still expensive and time consuming. Hence a fast, affordable, and precise calibration system is essentially needed.
In addition, vision-based automated robot calibration methods and systems have been widely used and studied [7] . Although the vision systems can meet the requirement of on-line calibration of robots, they still suffer from low resolution under large field of view as well as low servoing speed due to the low frame-per-second of the cameras [1] [2] .
In this paper, a new line-based calibration method and system are proposed and developed. The developed calibration system is fast, affordable, and precise. It can automatically calibrate the transformation relationship between robot base frame and workcell frame. The calibration performance essentially depends on the localization precision of the PSD servoing. The PSD servoing method allows precisely positioning the laser beam (line) from a single laser pointer attached at the end-effector of robot onto the center of the PSD in a well-designed lateral-effect PSDs fixture. Once the precision localizations/positioning in the multiple PSDs are achieved, the group of calibration points with respect to both the robot base frame and workcell frame can be generated. In detail, the calibration point in robot base frame can be achieved by computing the intersection of multiple laser beams (lines) projected onto the center of one PSD. While the calibration point in workcell frame can be computed using the predefined fixture-workcell information such as the fabrication dimension of the fixture, the PSD physical dimension, and the predefined transformation relationship between the fixture and the workcell. Sequentially, based on the generated calibration points in the two frames, a quaternion algorithm and the least square method are employed to finally determine the transformation relationship between robot base frame and workcell frame. The experiments have been extensively implemented on an ABB industrial robot IRB 1600, the results demonstrate that the developed system is fast, automated, low-cost, and precision, and can be effectively and efficiently used for robot calibration. This paper is structured as follows: The calibration issue, the new line-based method, and the set-up of the new robot calibration system are described in Section II. The PSD servo control for robot localization is described in Section III. In Section IV, the quaternion algorithm is introduced. The experimental results and the verification results are demonstrated in Section V. Finally, we conclude the work.
II. NEW LINE-BASED CALIBRATION SYSTEM
A. The calibration issue As shown in Fig. 1 , five coordinate frames of the system are defined respectively. That is, the robot base frame {B}, the end-effector frame {E}, the laser frame {C}, the fixture frame {F} and the world frame {W}. In fact, there is PSD frame {P i } in each PSD. Accordingly denote five homogeneous transformation matrixes, namely 
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From Equation (1), the left side of the Equation (1) denotes the coordinate of P with respect to the robot base frame. Let b P denote the coordinate of P with respect to the robot base frame. T can be computed with at least three points. A measurement approach of the coordinate b P of P is described in the section II-B. The quaternion-based algorithm described in the section IV is used to solve Motivated by the intersection of two lines, a new position measurement approach, the line-based method, is proposed. As shown in Fig. 3 , laser is used to produce a straight line, and PSDs are employed to sensor and locate the position of the laser beam shooting on the PSD surface. If two laser beams are known in the robot base frame, The coordinates of calibration points in the robot base frame can be determined by the intersection generated from well-controlled and finely aligned laser beams/lines (i.e. L1 and L2, seen in Fig. 3 ).
Let { , , , , , } (4) and (5), theoretically the coordinate of the intersection of lines L1 and L2 is given 
However, the coordinate { , , } The coordination b P of the position is measured by the line-based method in the robot base frame. However the condition is that suppose two laser beams with different vectors shoot exactly on the same point on the PSD surface, and the position of the point is predefined. The PSD guided servo control for industrial robot guarantees the condition, which is presented and demonstrated in section III. Based on the proposed approach, the system for robot calibrations is developed. The schematic of the position measurement for robot calibrations system is shown in Fig. 5 . The laser pointer and camera are fixed on the end-effector and moved rigidly with the robot end-effector. The process of positions measurement is described as followed:
C. Calibration procedure and system set-up
Step 1: Guided by the visual servo, the robot is controlled to move and the spot of the laser pointer attached at the end-effector is located on the PSD active area at one pose.
Step 2: When the laser beam from the laser pointer shoots onto the surface of PSD, the controller is switched to the PSD guided servo for precision localization. That is, the position of beam point can be checked by PSD sensor and be acquired to the computer by AD board. The errors, between target position and actual current position of the laser spot on the surface of the PSD, are used to guide the robot to move to the desired position precisely. Thus the first line is obtained.
Step 3: Repeat step 1 and step 2. The same action is repeated. The difference is that robot changes to another pose. Then we obtain the second line.
Step 4: Computing the parameters of the two lines.
Step 5: Substituting the parameters into Equation (4) As shown in Fig. 6 , the calibration system for industrial robot includes industrial robot, laser and laser fixture, PSD and PSDs' fixture and process circuit board, LED, Charge Coupled Device (CCD) camera, and computer system used to acquire PSD signal and camera image. The ABB 6-DOF robot, IRB1600, and controller are used. The lateral PSD is used to get the position of the robot end-effector. A focusable laser pointer with its fixture rigidly mounted on the end-effector of robot, as shown in Fig.7 (a) , is used to generate laser beam to shoot onto the surface area of the PSD. A frame grabber board connected to the CCD camera is used to capture the image for image process. The interface circuit is well designed and the processing board can process the PSD 2D position raw output of laser spot on the PSD surface. As shown in Fig. 7 (b) , the software is developed for computing the laser spot position, processing image, extracting the image features, and then controlling the robot. In order to obtain the robot current position information and guide the robot by the computer, the network communication between robot controller and the computer is developed.
Through the network, the computer can obtain the current robot position information and send the control command to the controller as well as update the target position in real-time.
D. The PSD-based calibration fixture
PSD fixture is one of the issues that will have great impact on the calibration accuracy. The fixture for robot calibration is seen in Fig. 8 (a) . The fixture is designed for robot calibration purpose as reference and is composed of four sides. Four PSDs are mounted on each side. Two LEDs are fixed on the both sides of the each PSD to emit light to assist camera locate the laser spot on the PSD surface area by the visual servo. In order to obtain the accurate predefined position, the fixture is well designed (shown in Fig. 8 (b) ) and manufactured with high precision. The design will maintain the accuracy (0.01 inch) of each dimension thus keep the accuracy of the coordinates of the PSD.
III. PSD BASED SERVOING

A. Mapping of PSD
In general, there are two types of PSD. One is lateral-effect PSD and the other is segmented PSD. Two-dimensional lateral effect PSD is chosen in the paper. There are top layer and bottom layer (see Fig. 9 ). This bottom layer works exactly the same was as the top layer but separately [9] . In the lateral-effect PSDs, the relative two-dimensional positions on the active surface of the chip can be expressed as photo-currents measured in X-axis and Y-axis. In order to obtain the relationship between the PSD output and the beam position on the PSD surface, the mapping experiment of performance concerning the PSD sensor is performed. One mapping result is presented in Fig. 9 in x-axes and y-axes respectively. The results show that there is perfect linear with the output and the position input in the center area of the PSD surface. The resolution of the position is up to 0.5μm.
B. PSD servo control
T denote the homogeneous transformation matrix of the base frame {B} with respect to the PSD frame {P}. This can be written as
where 3 3 R × ∈ ℜ denotes the rotation matrix of frame {B} with respect to frame {P}.
Since the end-effector with the laser is moved on a plane parallel to the PSD surface. Then the change in position equals to the change in position of the laser beam location on the PSD.
In order to control the robot in task space coordinates, it is necessary to translate the velocity screw based on frame from PSD frame to robot base frame. 
where P ξ is the velocity of the end-effector with respect to the PSD frame. B ξ denotes the velocity of the end-effector with respect to the robot base frame. We can solve the Equation (9) for B ξ , obtaining 
IV. QUATERNION-BASED CALIBRATION ALGORITHOM
There are a few established methods for solving the calibration problem [10] . In this section, the quaternion-based algorithm is employed and briefly summarized as follows [7] . 
From Equation (17), the least squares solution for t is For one PSD in the fixture, experimental results of PSD guided robot localization are described. When the laser is guided to the active area on the PSD surface, the PSD guided servo start to locate the laser beam on the desired position. In this paper let the desired position be the center of the PSD surface. The track of the laser beam on the PSD surface based on PSD guided servo control are shown in Fig. 10 . Because of the uncalibrated PSD guided control, there is a big different curve between the Fig. 10(a) and Fig. 10(b) during the robot localization. According to the Fig. 10(a) and Fig. 10(b) , the initial pose and the target pose of the end-effector are presented in table I. It is noted that there is an offset between the base frame and the real base frame of the robot in the experiment. From Fig. 10(a) and Fig. 10(b) , it is observed that the value of the target position is very close to zero (less than 0.01 mm ), which demonstrates the laser beam is located perfectly on the center of the PSD active area.
V. EXPERIMENTAL RESULTS AND ANALYSIS
A. Experiment of PSD servoing
B. Calculation of intersection point of laser beams (lines)
We are interested in the position and vector of the laser lines. It is necessary to translate the target pose of the end-effector into the parameters of the laser lines. Then substituting the parameters into Equation (4) P of the i-th point in the world frame are computed. The verification results of three points are presented in table II. Listed are the error, the mean error, maximum error between the predicted positions and predefined positions. After the calibration, it can be seen that the mean position errors can be about 0.6 mm , and the maximum position deviation is about 0.8 mm . It is acceptable for most applications such as welding. From the Fig.10 , the accurate of the robot localization is up to 0.01 mm with the PSD sensor. Then the result is not pretty satisfactory. The error should be from the sources such as deviation between the laser frame and the end-effector frame and the manipulator kinematics. This will be improved in next experiment. In addition, the results demonstrate that the proposed position measurement method is highly effective and the robot calibration system is feasible. 
VI. CONCLUSIONS
A new calibration system for industrial robots is presented in the paper. The calibration method for the system highly depends one a novel line-based method and the PSD guided servo control method. The presented calibration system mainly includes a custom-built high-precision PSD fixture, and a single laser pointer. The emitting laser beam from the laser pointer is automatically guided to shoot onto the PSDs of the fixture. The calibration results of an industrial robot verify the feasibility of the proposed method, and also demonstrate that the developed calibration system is a high performance system. That is, it is a fast, automated, low-cost system, and can be effectively and efficient used for a rapid and high-precision robot calibration.
